We study microwave scattering spectra of metallic stents in open air. We show that they behave like dipole antennas in terms of microwave scattering and they exhibit characteristic resonant frequencies for a given nominal size. We obtain a fair agreement between measured frequencies and the values provided by a theoretical model for dipole antennas. This fact opens the door to obtaining methods to detect structural distortions of stents within in vitro conditions. Finally we discuss the in vivo applicability of the suggested method in terms of our theoretical model and the skin depth of microwaves in biological tissues.
I. INTRODUCTION
imaging [21] and optical coherence tomography [22] . In spite of the obvious clinical benefits, these techniques require high costs and justification of potential patient collateral damages, like impact of invasive procedures or ionizing radiation dose.
Physicians have widely studied the medical risks arising from the structural distortion of stents. In particular, stent recoil [23] and fracture [24, 25] involve respectively drastic changes in diameter and length that could imply serious consequences. We show here that stents exhibit characteristic resonant frequencies in their microwave absorbance spectra which provide relevant information regarding their dimensions and should therefore reflect the occurrence of such structural distortions. Figure 1 shows a sketch of the experimental set-up used in the present work. In vitro microwave absorbance spectra were measured in open air for thirty commercial drug-eluting stents [26] of different nominal length and diameter φ. To obtain the spectra a pair of right-handed circularly-polarized cavity-backed spiral antennas [27] was connected to a 2-port vector network analyzer [28] via coaxial feed lines. The antennas have a 2.0 -18.0 GHz spectral range. This set-up provides the transmission coefficient of port 1 to port 2 as a function of frequency, S 12 (f ), or vice versa S 21 (f ), from which we can calculate the absorbance spectrum as patterns of a center-feed half-wave dipole antenna [29] . This fact, along with the 1/ dependence shown in Figure 3 , suggests that the microwave scattering of stents is remarkably similar to that produced by such device [30] . The microwave electromagnetic field couples here to the antenna conductive structure and induces a standing electric current along it.
II. EXPERIMENTAL METHODS
Consequently the scattering is enhanced at resonant frequencies given by [31] 
where and µ are respectively the permittivity and permeability of the stent surrounding medium, L is the dipole antenna length, and n is the resonance mode. We found out that the resonant frequencies in a stent of length are significantly lower than those corresponding to a dipole antenna with L = . This means that, in terms of microwave scattering, metallic stents of length behave akin to dipole antennas of length L = a , where a is a scaling factor. As an example, in Figure 3 we have plotted Equation 2 for a = 1.8. There is an acceptable agreement between experimental resonant frequencies and theoretical estimations.
The presence of a scaling factor greater than one should be considered reasonable due to the characteristic folded structure of coronary stents. The precise value of this scaling factor would actually give a hint about the folding degree of a particular stent architecture.
These results show that a method for the detection of structural distortions of stents by measuring their resonant frequencies is possible, at least under in vitro conditions. We will then discuss the in vivo applicability of this method in terms of the skin depth of microwaves in the human body. Due to the 1/ √ µ factor of Equation 2, it is expected that the in vitro resonant frequencies of stents will shift down with respect to the in vivo frequencies, since the relative permittivity of biological tissues in the microwave range is higher than one. We can thus obtain the relation between the in vitro and in vivo values, f and f respectively, using Equation 2 and assuming air as the surrounding in vitro medium of the stent,
Introducing the dependences of (f ) and µ(f ) given by parametric models [32] in Equation   3 , f (f ) may be determined numerically. Figure 4 (a) shows such dependence for several representative tissues and highlights that the shift between f and f is of about one order of magnitude.
Conduction and displacement currents induced by electromagnetic waves are of the same order for most biological tissues [33] , so in this case the skin depth for media limited by plane boundaries is generally expressed as [34] δ(f ) = 1 2πf
where σ is the conductivity of the medium. Using again parametric models [32] , we can determine numerically δ(f ). Figure 4 (b) shows that δ(f ) is found to be of several tens of millimeters for in vivo operating frequencies. This fact demonstrates that microwaves travel through the thoracic cavity and reach the heart, thereby enabling the medical applicability of microwave spectrometry for the evaluation of the dimensions of implanted coronary stents.
IV. CONCLUSIONS
We have proved experimentally that metallic stents of a given nominal length and diameter exhibit characteristic resonant frequencies in their open air microwave scattering spectra.
We have also proposed a simple theoretical model based on a dipole antenna that allows to estimate the values of such frequencies. It is expected that some structural distortions experienced by implanted stents due to aging should be reflected in a variation of the res- [1] S. Garg and P. W. Serruys, "Coronary stents: Looking forward," J. Am. Coll. Cardiol., vol. 56, no. 10, Supplement, pp. S43-S78, august 2010.
